This paper analyzes the multi-path component effect in the airborne SAR context, proposing a model as an approach to correct the generated disturbances in the processed phase and amplitude images. The method assumes along-track interferometric or polarimetric data to estimate the unknowns of the model. Airborne data acquired by the F-SAR system of DLR are used to evaluate the performance of the proposed approach.
INTRODUCTION
Reception of multiple reflections in addition to the main direct signal of interest is an annoying effect for many communication, navigation and radar systems. The multi-path signals originate from the surroundings of the transmitters and/or receivers of these systems. Whenever possible system design ensures that the directions of these multi-path signals are attenuated by the antenna pattern and often circular polarization is used to obtain additional attenuation. However, for airborne SAR systems usually linear polarizations are used and the design of the antenna pattern is subject to different design constraints (wide swath coverage, ambiguity rejection). In addition, the mounting of the antennas on the aircraft is subject to further constraints and often multi-path signals cannot be avoided. This was also the case in 2007, when DLR's new airborne F-SAR system was flown for test-purposes with a suboptimal mount of the antennas inside a radome beneath the aircraft [1] . The acquired data sets helped to develop a multipath model useful for understanding the disturbing effects. The undesired multi-path effects are mainly undulations in magnitude and phase primarily along the range dimension of the image. An early description of multi-path effects in acrosstrack interferometric airborne SAR including modeling and a correction approach can also be found in [2] . Recently the calibration for multi-path effects in single-pass Pol-InSAR systems has been proposed in [3] .
In this paper we make use of multiple channels (alongtrack interferometric or polarimetric) to estimate the unknowns of a geometric multi-path model. In a second step the multipath component is computed and subtracted using as input the received data of each channel individually.
The paper is organized as follows. Section 2 analyzes the geometry of the problem and introduces the formulation for the multi-path contribution as well as the correction approach. Section 3 presents several results with polarimetric and alongtrack interferometric (ATI) data acquired by the F-SAR system of DLR. Finally, section 4 draws the conclusions.
MULTI-PATH MODEL
The considered multi-path model is described as the superposition of the direct signal with a time-delayed and attenuated replica of itself, the multi-path component. The received signal is then given by
where b is a complex attenuation coefficient and t i is the time delay of the multi-path signal, which is also responsible for an additional phase contribution. The index i relates to the different channels of a multi-channel SAR system.
In the case of the F-SAR system, with the provisional antenna mount inside the radome beneath the aircraft, the geometry and high antenna side lobes in elevation are the main causes for the multi-path effect. As depicted in Figure 1 , there is a flat surface at the bottom of the plane on which reflections may take place. The surface dimension in addition to the antenna locations allow the reflected signal to reach the receiver channels superimposing to the direct signal. As the Figure 1 . Multi-path geometry in the F-SAR case.
reflections follow the Snell's laws, the place where the reflection occurs is range dependent. Hence disturbances in phase and amplitude due to the delayed signal contributions are also range dependent, i.e. the multi-path transfer function is range variant.
Assuming that reflections on the plane are the only multipath source, there are some possibilities to be considered. The multi-path component can refer to a direct transmitted signal being received over a non-direct path. It can also refer to a component transmitted through a non-direct path and received over the direct one. Furthermore the signal can be transmitted and received through the delayed path. These multi-path contributions are attenuated by the reflection coefficient. Moreover they do not reach the receiver through the antenna pattern maximum gain direction. Therefore components transmitted and received through the delayed path are attenuated twice and can be disregarded.
The model depends on the antenna configuration. It is necessary to know whether one antenna only transmits while the others only receive, as in the F-SAR ATI mode (with 4 receive antennas), or if the ping-pong mode is used, as in the F-SAR polarimetric acquisitions. This information along with the baselines and antenna positions relative to the airplane fuselage must be known a priori.
For interferometric data where the relative distance between the channels is important, the attitude angles, in particular the pitch and roll have also to be considered. The effect of and can be noted in Figure 2 .
The pitch causes the phase ramp variation with range. This is a consequence of the fact that the pitch causes a relative vertical displacement of the receive antennas, which is seen by the delayed signal as an across-track baseline. On the other hand, the roll angle is responsible for the phase variation along azimuth. The antennas are displaced in the along track direction, and consequently the path difference due to the roll is the same for every channel. Hence the residual roll would cause no considerable disturbance in the absence of the delayed multi-path component.
Considering the geometry in Figure 1 and basic SAR formulation, (1) can be rewritten as
where the multi-path distance is given by
w(.) is the signal envelope, i is a possible error in the measurement of the vertical position of the antenna; is the angle formed between the line connecting the reflection point to the antenna and the horizontal; i are phase offsets accounting for the mismatch between the channels. The reflection coefficient b is multiplied by a factor two to represent the two multi-path possibilities discussed previously.
Eq. (2) contains unknown parameters which must be estimated -the reflection coefficient phase and amplitude b, and the uncertainty in h when locating the antenna phase center position, represented by i . Despite the fact that the phase offsets are also unknown and must be taken into consideration in order to fit the model to the real data, they are irrelevant for correction purposes. The estimation is performed via least square methods.
Model parameter estimation
Although the multi-path effects may be observed in a single channel amplitude image, they are more critical in interferometric images. Therefore, to obtain more precise results, it is better to use this information, since it contains more pronounced and consequently clearer multi-path disturbance patterns. The interferometric phase considering the multi-path contribution is described by 
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where the terms containing the square of the attenuation have been disregarded. t i is the time delay related to the multipath distance R i and the phase term d ij accounts for the pitch contribution as described by
with base ij being the along-track baseline between channels i and j. Prior to the parameter estimation, the images must be coregistered and the interferometric phase filtered. This phase is then divided in azimuth profiles that are fitted to the 1D model represented in (4) . Each profile considers a block of azimuth samples in which the roll angle does not exhibit considerable variation. As a result of the reduced number of samples in azimuth, the profiles are noisier and a filter with a bigger averaging window is applied. The estimation performed over the profiles results in a set of azimuth-dependent parameters. The azimuth dependence correlates with the roll variation and has to be introduced in the correction approach. In order to provide more robust results, the parameters are estimated more than once. For that purpose, different interferometric combinations available are used. In the case of F-SAR ATI, four channels are present providing six interferograms that can be used for parameter estimation. The parameters are then selected from this estimation set considering their mean value and variance.
Correction of multi-path effect
Knowing the model and the parameters it is possible to correct the processed images individually. As the delay is time (range) variant, an echo canceller, applied for linear delays, cannot be used. The proposed approach here consists in using the delayed and attenuated processed image to perform the correction, which is given by 
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At last, supposing that b is approximately equal to b and that the term which contains the square of the attenuation coefficient can be discarded, the following approximation holds
Therefore, the outcome is an approximation of the desired ideal signal. Note that the correction is performed for each range line in order to account for the azimuth parameter dependence. Several simulations were performed to validate the geometrical model of the multi-path effect for the F-SAR acquisition geometry, resulting in the expected results.
EXPERIMENTAL RESULTS
This section presents results for the parameter estimation and multi-path effect correction for along-track interferometric and polarimetric data. The data have been acquired by DLR's F-SAR system.
F-SAR ATI results
The first dataset corresponds to an along-track interferometric X-band F-SAR acquisition. The interferograms analysis showed interferometric phase errors up to 35° peak-topeak. The plane/radome geometry allowed the multi-path signal to reach all four receiver channels, causing all the interferometric images to contain disturbances.
Following the interferometric phase profiles generation, the unknown parameters were estimated as described in Section 2. The mean value of each parameter is presented in Table 1 .
Table1. Estimated multi-path parameters for ATI dataset A phase profile in range and its fit for an interferogram between two non-consecutive channels are shown in Figure 4 . This fitted curve corresponds to the model in (4) considering the estimated parameters presented in Table 1 . After applying the correction presented in Section 3, the disturbances in the interferometric phase are greatly attenuated as depicted in Figure 5 . 
F-SAR polarimetric results
A X-band F-SAR polarimetric dataset was considered next. The study was performed for the HH and VV channels making use of the co-polar coherence for surface like scattering. The polarimetric data analysis is important to check whether or not the multi-path effect is polarization dependent.
The approach in this case is the same as the one for the along track data. However there are two adaptations to the model. First a scale factor in the interferometric phase, to account for the receiver/transmitter configuration must be considered. Second, the assumption that the attenuation coefficient is constant for all the channels, as in the ATI case (all channels VV polarized), is not valid anymore. Since the two channels are receiving with different polarizations, it is no longer possible to state that the reflection coefficient remains the same. Hence, two attenuation coefficients, b h and b v are considered. The estimated parameters are summarized in Table  2 .
Table2. Estimated multi-path parameters for the polarimetric case
The presence of noise affects the fit, as seen in Figure 6 . However the presence of the multi-path effect is still observable in accordance with the derived model. Table 2 shows a shift of about 180° in the attenuation phase. This shift is expected, as there is a phase inversion when a horizontal polarized wave reflects on a flat surface. Such an inversion is not present for a vertical polarized wave reflection [4] .
The co-polar phase, both before and after correction, is shown in Figure 7 . For the polarimetric acquisition, the roll angle values are approximately ten times smaller in relation to the ATI acquisition. As a consequence, the azimuth dependence of the estimated parameters is smaller and the 1-D model fits the whole image better, providing improved correction results.
CONCLUSION
This paper has presented a model for describing the multipath disturbances which may occur in airborne interferometric or polarimetric SAR systems. The model considers the received SAR signal as a direct signal plus an additional delayed and attenuated component that comes from a reflection on the bottom of the plane.
The paper has also proposed and validated an approach to correct the disturbances in the processed image, by first fitting the model to an interferometric phase profile to obtain the unknown parameters, and then using the data themselves to estimate and discard the multi-path contribution. Estimation and correction results were shown for the F-SAR ATI mode.
It was further shown with the F-SAR polarimetric dataset that the interference due to multi-path occurs regardless of the polarization. The same ATI case model can be used with slight adaptations, resulting also in a good correction performance for polarimetric data affected by multi-path effects.
Knowing the origin of the multi-path signals it was possible to include additional absorbers into the F-SAR radome, which diminished the multi-path problem for more recent acquisitions. Finally, a new external antenna mount is considered for the F-SAR system, located at one side of the plane, which will avoid multi-path effects for the future. 
